Glutathione is an essential metabolite protecting cells against oxidative stress and aging. Here, we show that endogenously synthesized glutathione undergoes intercellular cycling during growth to stationary phase. Genome-wide screening identified ϳ270 yeast deletion mutants that overexcrete glutathione, predominantly in the reduced form, and identified a surprising set of functions important for glutathione homeostasis. The highest excretors were affected in late endosome/vacuolar functions. Other functions identified included nitrogen/carbon source signaling, mitochondrial electron transport, ubiquitin/proteasomal processes, transcriptional regulation, ion transport and the cellular integrity pathway. For many mutants the availability of branched chain amino acids and extracellular pH influenced both glutathione homeostasis and cell viability. For all mutants tested, the onset of glutathione excretion occurred when intracellular concentration exceeded the maximal level found in the parental strain; however, in some mutants prolonged excretion led to substantial depletion of intracellular glutathione. These results significantly contribute to understanding mechanisms affecting glutathione homeostasis in eukaryotes and may provide insight into the underlying cause of glutathione depletion in degenerative processes such as Parkinson's disease. The important implications of these data for use of the yeast deletion collection for the study of other phenomena also are discussed.
INTRODUCTION
The crucial role of the essential metabolite glutathione (l-␥-glutamylcysteinylglycine) in cellular responses to oxidative stress and metabolism has been well documented (CarmelHarel and Storz, 2000; Cnubben et al., 2001) . Its effectiveness as a cellular redox buffer is due to its low (EЈ 0 ϭ Ϫ240 mV) redox potential and its high (1-10 mM) cellular concentration, which are maintained via strict regulation of glutathione biosynthesis and NADPH-dependent glutathione reductase activity (Meister and Anderson, 1983; Schafer and Buettner, 2001 ). Glutathione also is thought to act as a redox buffer in the endoplasmic reticulum (ER) where the reduced form (GSH) competes for the oxidizing equivalents derived from the disulfide bond-forming machinery, thereby minimizing the genesis of a hyperoxidizing environment (Cuozzo and Kaiser, 1999; Bass et al., 2004) . Intracellular glutathione depletion may be attributed to several factors, including increased degradation, conjugation, oxidation, efflux/excretion, and/or decreased synthesis. In mammalian cells, abnormal glutathione homeostasis, particularly glutathione depletion, occurs after exposure to many chemicals/ drugs and plays a role in certain degenerative diseases (e.g., Parkinson's), cell aging, and apoptosis (Nestelbacher et al., 2000; Schulz et al., 2000) (Hammond et al., 2001; Lou et al., 2003) . For example, exposure of T24 bladder carcinoma cell lines to the flavoprotein inhibitor diphenyleneiodonium leads to heightened efflux of reduced glutathione and Fasmediated apoptosis (Pullar and Hampton, 2002) . Alternatively in hepatic cells efflux of glutathione disulfide (GSSG) constitutes the primary mechanism for turnover of the hepatic glutathione pool (Bartoli and Sies, 1978; Ookhtens et al., 1985; Masuda et al., 1993) .
An association between altered calcium and glutathione homeostasis has been reported. Glutathione is reported to modulate the activity of, and serves as a transportable substrate for, ryanodine receptor Ca 2ϩ channels (Balshaw et al., 2001; Banhegyi et al., 2003) . Elevated glutathione efflux is associated with ischemic reperfusion (Shivakumar et al., 1995) and occurs after exposure of hippocampus cells to N-methyl-d-aspartate (Wallin et al., 1999) , situations where Ca 2ϩ homeostasis is disrupted. Interestingly, exposure of astrocyte and neuronal cells to the neurotoxic peptide ␤ amyloid also leads to calcium-dependent glutathione depletion and pronounced cell death (Abramov et al., 2003) .
Saccharomyces cerevisiae cells disrupted for glutathione biosynthesis exhibit reduced tolerance to a wide range of stress conditions (Izawa et al., 1995; Turton et al., 1997; Grant et al., 1998; Maris et al., 2000) and undergo apoptosis at a high rate relative to the parental cells (Madeo et al., 1999) . Conversely, exogenous administration of glutathione rescues the accelerated aging of S. cerevisiae cells in elevated oxygen (Nestelbacher et al., 2000) . Glutathione is known to protect mitochondrial macromolecules from the deleterious effects of reactive oxygen species (Meister, 1995; Sugiyama et al., 2000; Lee et al., 2001) . In S. cerevisiae, glutathione also serves as a starvation source of nitrogen (Mehdi and Penninckx, 1997) and sulfur (Miyake et al., 1999) . Its use/degradation necessitates vacuolar compartmentalization and cleavage of the ␥-glutamyl linkage via the specific action of ␥-glutamyltranspeptidase (Mehdi et al., 2001) . In S. cerevisiae, glutathione excretion was shown to be stimulated by heterologus expression of the bovine pancreatic trypsin inhibitor or overexpression of the resident-ER chaperone Kar2 (Bannister and Wittrup, 2000) .
Although there have been many studies on regulation of the glutathione biosynthetic pathway, particularly in response to stress (reviewed in Soltaninassab et al., 2000; Penninckx, 2002) , there is limited understanding of how complex interconnected cellular networks function to influence glutathione homeostasis. In addition, the processes that influence glutathione transport into, around and out of cells have not been studied in terms of the role that these phenomena play in the maintenance of cellular glutathione homeostasis. This study used the power of the S. cerevisiae genome-wide deletion library to determine the cellular processes influencing glutathione homeostasis, by using extracellular glutathione as a marker of its aberrant intracellular metabolism and/or retention. This study also provides an insight into the fundamental nature of a broad range of mutants present in this library and has serious implications for interpreting data obtained after screening of this valuable resource.
MATERIALS AND METHODS

Yeast Strains and Growth Conditions
The S. cerevisiae strains used in this study are derivatives of BY4743 MATa/ Mat␣ ura3?0/ura3?0 leu2?0/leu2?0 his3?1/his3?1 met15?0/MET15 LYS2/ lys2?0) , which were homozygous for the relevant gene deletion. The construction of the yeast genome deletion library was described previously (Winzeler et al., 1999) . Strains were grown in YPD medium [2% (wt/vol) d-glucose, 2% (wt/vol) bacteriological peptone, 1% (wt/vol) yeast extract] or SD medium [0.17% (wt/vol) yeast nitrogen base without amino acids, 0.5% (wt/vol) ammonium sulfate, 2% (wt/vol) d-glucose] supplemented unless indicated with leucine (131 mg l Ϫ1 ), isoleucine (65.6 mg l Ϫ1 ), valine (58.6 mg l Ϫ1 ), histidine (209 mg l Ϫ1 ), uracil (22.4 mg l Ϫ1 ), and adenine (13.5 mg l Ϫ1 ). Where specified leucine, isoleucine, and valine where added at twofold and fourfold higher concentration. Where required, media were solidified by the addition of 2% (wt/vol) agar. Respiratory capacity was assessed by observing growth on YPG medium [as for YPD medium except glucose was replaced with 3% (wt/vol) glycerol] after 2 d at 30°C. Dithiothreitol (DTT) sensitivity was assessed by spotting 5 l of stationary phase cells on YPD medium containing 12 mM DTT. Relative growth was compared with that of the parental strain after 2 d and 3 d at 30°C.
Determination of Glutathione Levels
Glutathione levels were determined using the microtiter-based method described previously (Vandeputte et al., 1994; Grant et al., 1998) . Cells were harvested at the appropriate growth phase via centrifugation (1 min; 800 ϫ g). Extracellular glutathione was measured directly from the resulting supernatant. For estimation of intracellular glutathione, cells were washed twice with ice-cold SD medium (lacking glucose or amino acids), resuspended in ice-cold 1.3% (wt/vol) 5-sulfosalicylic acid, and broken with glass beads by using a minibead beater (Biospec Products, Bartlesville, OK) for 60 s at 4°C followed by incubation on ice (15 min). The resulting mixture was clarified by centrifugation (10 min, 13,000 ϫ g at 4°C), and glutathione levels were measured in the resulting supernatant. For quantification of oxidized glutathione, samples (including GSSG standards) were pretreated with 5% (vol/vol) 2-vinylpyridine for 1 h at room temperature before analysis. Glutathione levels are expressed as nanomoles per A 600 , where A 600 of 1 corresponded to a cell density of 2.5 ϫ 10 7 cells ml Ϫ1 .
Genome-wide Screening of Mutations Leading to Increased Glutathione Excretion
Cells were pregrown in 96-well plates to stationary phase in YPD medium and inoculated using a 96 pin replicator in SD medium, followed by incubation at 30°C with shaking at 500 rpm for 2 d. Deletion mutants found to excrete twofold or greater glutathione were regrown in triplicate as described above, except cells were grown in 24-well plates and extracellular glutathione concentration was determined and normalized to cell density (A 600 ). Cells were judged to "overexcrete" glutathione if they produced more than twofold that of the parental strain. For kinetic analysis of changes in intra-and extracellular glutathione during the various stages of growth, cells were inoculated (A 600 of 0.01) in SD medium and incubated at 30°C. Samples were taken at the intervals shown and glutathione quantified according to the above-mentioned procedure.
Determination of the Cellular Capacity for Use of Glutathione as a Sole Nitrogen Source
Cells pregrown in YPD medium were inoculated (initial A 600 of 0.01) in SD medium lacking ammonium sulfate and incubated at 30°C for 1 d. Under these conditions cell growth usually ceased at A 600 of 0.5-1.0. These cells were reinoculated in SD medium lacking ammonium sulfate, supplemented with either no supplement, 5 mM ammonium sulfate, 1 mM GSH, 5 mM GSH, or 5 mM ammonium sulfate supplemented with either 1 or 5 mM GSH (controls) and incubated at 30°C for 2 d.
Generation of Respiratory Petite Cells
Rho 0 petite cells lacking a mitochondrial genome were generated as described previously (Fox et al., 1991) . Briefly, exponentially growing cells were incubated in YPD medium containing 20 g ml Ϫ1 ethidium bromide for 1 d and spread on YPD medium to form single colonies (48 h). Colonies were replica plated on YPG and YPD medium to identify petite isolates. Loss of respiratory function in these petites was confirmed by their inability to reduce 2,3,5-triphenyltetrazolium chloride (TTC). Then, 0.5% (wt/vol) TTC was dissolved in premelted 48°C agar [1.2% (wt/vol)] and overlaid on the yeast colonies. Reduction of TTC (colorless) requires the activity of the respiratory chain and leads to production of an insoluble red pigment (Slater, 1967) .
RESULTS
Endogenously Synthesized Glutathione Undergoes Intra/ Intercellular Cycling
While studying a glutathione-hyperexcreting strain (GHS4), we noted that wild-type yeast cells also excrete low levels of endogenously synthesized glutathione, although the levels are generally very low ( Figure 1A ). In the absence of knowledge of the mechanism of glutathione export, we postulated that a mutation affecting the uptake of glutathione should lead to its increased accumulation in the extracellular medium. HGT1 encodes the sole GSH uptake transporter in S. cerevisiae (Bourbouloux et al., 2000) . In the hgt1 deletion mutant, extracellular glutathione overaccumulated threefold relative to wild-type parental strain BY4743 ( Figure 1A ), indicating that during growth to stationary phase yeast cells excrete and reimport endogenously synthesized glutathione. Analysis of the intra-and extracellular glutathione pool during growth of the wild-type strain showed that glutathione excretion commenced at a distinct stage during exit from exponential phase coinciding with when the intracellular glutathione level reached a maximum (Figure 2 ). This indicates that onset of efflux is influenced by cytoplasmic glutathione concentration.
Detailed analysis of strain GHS4 showed that the altered glutathione metabolism exhibited by these cells was not due to decreased uptake of the tripeptide, as determined by the accumulation of radiolabeled glutathione (our unpublished data). This raised the possibility that certain mutations could give rise to increased glutathione excretion by influencing glutathione synthesis, transport/excretion, and/or degradation. Because excreted glutathione is derived from the intracellular pool, extracellular glutathione provides a useful marker to study the genetic and environmental/nutritional factors that influence glutathione metabolism and its efflux from the cell.
Genome-wide Analysis of Mutations That Lead to Glutathione Overexcretion
Genome-wide screening of the available S. cerevisiae deletion strains (Winzeler et al., 1999) was used to identify cellular processes involved in glutathione homeostasis. Mutant strains pregrown in rich medium were inoculated and grown in SD medium and at stationary phase extracellular glutathione was quantified. A surprisingly large number of the deletion mutants (276 of 4659 strains) overexcreted glutathione (2-to 37-fold) into the medium. Figure  1B shows the frequency distribution of the level of glutathione excreted by all of the mutants examined from which it is evident that there was a wide range of levels excreted.
Deletion strains were grouped according to the gene ontology descriptions of function of the encoded gene product in the Saccharomyces Genome Database (www.yeastgenome. org). Most of the deletions were of genes that fell into nine defined functional groups, as indicated in Table 1 (Figure 3) . A comprehensive list is available as supporting material (Supplementary Tables 1-10 ). These functional groups included mitochondrial electron transport, nitrogen metabolism, protein sorting (mainly via the late endosomal pathway/vacuolar function), RAS/protein kinase A pathway, transcription regulation, translation/protein synthesis, cell wall/integrity, ubiquitin-related functions, and ion homeostasis. These data gave a clear and novel insight into the cellular functions and metabolic and regulatory networks that influence glutathione homeostasis. These processes are for the most part conserved between yeast and higher eukaryotes.
RAS/Protein Kinase A Pathway and Nitrogen Metabolism Signaling Affect Glutathione Homeostasis
Glutathione homeostasis depends on the RAS/protein kinase A (PKA) and target of rapamycin (TOR) signaling pathways (Table 1; Supplementary Table 1 ). The RAS/PKA pathway plays an integral role in cellular metabolism regulating proliferation in response to nutrient status and respiratory metabolism (Thevelein and de Winde, 1999) . Deletion of IRA2 and PDE2, encoding negative regulators of the RAS/PKA pathway, led to extensive glutathione overexcretion (22-to 25-fold; Table 1 ).
The TOR signaling pathway plays an integral role in the control of nitrogen assimilation (Magasanik and Kaiser, 2002) . As part of the TOR complex, Ure2 is a main regulator acting to repress genes involved in the use of poor nitrogen sources in the presence of rich ones; ure2 mutants fail to regulate nitrogen assimilation and metabolism appropriately (ter Schure et al., 2000; Magasanik and Kaiser, 2002) . Deletion of URE2 led to extensive glutathione overexcretion (24-fold; Table 1 ). Additionally, a number of other mutants previously shown to influence cellular nitrogen metabolism (npr2, gdh1, and pro1) were identified as glutathione overexcretors. 
Mutants Affected in Respiratory Chain Function Overexcrete Glutathione
A large number of mutants affected in mitochondrial functions overexcreted glutathione (Table 1) ; however, the spectrum of these mutants showed that the loss of the mitochondrial electron transport chain and not the loss of respiratory ATP production per se led to glutathione efflux. Although at least 341 nuclear genes are required for respiratory growth by S. cerevisiae (Dimmer et al., 2002) , the deletion of only those encoding components of the electron transport chain or its synthesis led to glutathione overexcretion (generally 6-to 11-fold parental level; Supplementary Table 2) . This also included genes involved with maintenance of the mitochondrial genome. Because this genome encodes a limited number of proteins, including subunits of the electron transport chain complexes III, IV, and the F 1 F 0 -ATPase, the loss of mitochondrial DNA (mtDNA) also should result in altered glutathione homeostasis. An isogenic 0 petite lacking mtDNA was therefore generated and found to overexcrete glutathione into the medium fourfold relative to the parent. Interestingly, deletion of YPR004c, encoding a putative electron transfer flavoprotein that localizes to the mitochondria, where it forms part of a large supramolecular complex (Grandier-Vazeille et al., 2001; Ohlmeier et al., 2004) , led to 25-fold glutathione overexcretion but did not affect respiratory competence.
Some of the nonmitochondrial deletions caused poor or no growth on medium containing a sole nonfermentable carbon source (glycerol; see supplementary data). In these cases, it could not be determined whether the resulting glutathione excretion was due to the loss of the normal function attributed to that protein or the resulting mitochondrial dysfunction that ensued.
Mutants Affected in Secretory Pathway/Vacuolar Function
Surprisingly, a major set of 75 mutants included those affected in specific components of the secretory pathway. These were involved in normal functioning of the ER, Golgi, and vacuole, and the plasma membrane-to-vacuole and Golgi-to-vacuole endosomal pathways (Jones et al., 1997; Kaiser et al., 1997) . Very prominent among these was a group of 16 mutants affected in class E vacuolar protein sorting (Raymond et al., 1992) , and these included the highest excretors of glutathione (up to 37-fold; vps2).
The late endosome plays a key role in regulating plasma and endosomal membrane components, including transporters, by ensuring the appropriate sorting of material (particularly monoubiquitinated proteins) into multivesicular bodies before delivery to the vacuole for proteolysis (Lemmon and Traub, 2000; Katzmann et al., 2002) . Additionally, a large number of resident vacuolar proteins transit from the Golgi to the vacuole via the late endosome. Disruption of the class E subset of vacuolar protein sorting genes (VPS2, 4, 20, (22) (23) (24) (25) 27, 28, 31, 32, 36, 37, 44, 60, and DID2) leads to the formation of an enlarged prevacuolar or "class E" compartment (Raymond et al., 1992) . These are required for appropriate sorting of proteins at the late endosome (Katzmann et al., 2002) . The data indicated the essential role of the class E VPS genes with respect to the maintenance of glutathione homeostasis. Disruption of NHX1/VPS44, encoding a Na ϩ /H ϩ antiporter of the endomembrane system, led to formation of an enlarged prevacuolar compartment; however, the severity of this phenotype is lower relative to other class E vps mutants (Bowers et al., 2000) . Consistent with this observation, the level of glutathione excreted by the nhx1 mutant was lower than that by the other class E vps mutants.
Because vps2 cells, which excreted the highest level of glutathione, were defective in both endosomal protein sorting and respiratory growth, there may be an additive effect of disrupting these processes on glutathione metabolism. Glutathione excretion by respiratory petite vps27 cells was therefore compared with that of the isogenic grande vps27 cells. Petite vps27 cells excreted 30% more glutathione relative to grande vps27 cells, indicating that disruption of these cellular processes had an additive effect, suggesting they may act via different mechanisms.
Deletion of a number of genes, including those encoding SNAREs (pep12, gos1), PI3P binding proteins (pep7, fab1, vps27) and GTP-signaling (ypt7, ccz1), which affect various aspects of Golgi-to-vacuole endosomal sorting; endosometo-Golgi retrieval (vps35 or mutants affecting the SacIIVps53-Luv1 complex); and vacuolar biogenesis, inheritance, and morphology (pep7, pep3, vps33), led to considerable glutathione overexcretion (2-to 28-fold). Appropriate endosomal/vacuolar function is therefore essential for maintenance of glutathione homeostasis.
These mutations may affect glutathione homeostasis via disruption of vacuolar glutathione storage/degradation. In S. cerevisiae, glutathione degradation is restricted to the vacuolar lumen where the ␥-glutamyl linkage is degraded by ␥-glutamyltranspeptidases (Penninckx, 2002) . Vacuolar glutathione transport/degradation may therefore be important for regulating glutathione turnover and some of the glutathione-overexcreting strains could be defective in glutathione degradation. Mutants were therefore tested for their ability to grow on glutathione as a sole nitrogen source. They were depleted of an assimilable nitrogen source and inoculated in medium containing glutathione (1 or 5 mM) as a sole nitrogen source and growth assessed after 2 d. This would identify mutants defective in uptake and/or vacuolar transport/degradation of GSH. Interestingly, deletion of the high affinity GSH uptake transporter (hgt1) did not prevent utilization of GSH as a sole nitrogen source, indicating that other transport mechanisms (possibly low affinity uptake via endocytosis) could adequately facilitate GSH uptake when present at 1 mM in the growth medium. These data indicate that it is unlikely that any single deletion mutant was unable to use GSH due to defective transport across the plasma membrane.
Of the 276 glutathione-overexcreting strains, 54 (see supplementary data) exhibited reduced capacity for using GSH as a sole nitrogen source (underlined loci; Supplementary Tables 1-10). These included strains disrupted in vacuolar biogenesis/protein sorting/function (pep3, pep7, pep12), maintenance of cell integrity (mpk1, bck1), spindle pole body formation (spc72, ynl225c), transcription activation/chromatin remodeling (hfi1, gcn5, sin3), nitrogen metabolism (ure2), and RAS/PKA pathway function (ira2). Because many of these genes encode functions not normally associated with GSH uptake their deletion may alter the kinetics of vacuolar glutathione transport and/or its subsequent degradation. Surprisingly, although deletion of components of the ECSRT-II and III complexes, Did2p or Vps4p prevented glutathione utilization, disruption of Vps27p, Vps60p, Vps24p, or components of the ESCRT-I complex (Katzmann et al., 2002) did not have this effect. Because all of class E vps mutants overexcreted glutathione it is unlikely that defective glutathione degradation is the primary cause of altered glutathione homeostasis in these cells.
Endoplasmic Reticulum/Golgi Function Influences Glutathione Homeostasis
Endoplasmic reticulum and Golgi dysfunction also led to glutathione overexcretion, although to a lesser extent than mutants affected in the late endosome and vacuole function. This included components of the Sec34/Sec35 complex, glycosyltransferases, and Pmr1, a Golgi-localized Ca 2ϩ /Mn 2ϩ -ATPase that influences N-linked glycosylation (Kaiser et al., 1997) . Genes associated with the unfolded protein response also were included. Cells cope with the accumulation of misfolded proteins in the ER and/or general ER stress by inducing a transcriptional response termed the unfolded protein response (Kaufman, 1999; Mori, 2000) . Deletion of a number of genes up-regulated by the unfolded protein response, including VPS23, LUV1, VPS35, and EUG1 (Travers et al., 2000) led to glutathione overexcretion.
Membranes, Cell Wall, Inositol Metabolism, Ion Homeostasis, and Transcription
Deletion of genes involved with inositol biosynthesis (INO1, INO4), cell integrity (BCK1, MPK1), cell wall structure/biosynthesis (CWH36, ECM25), and microtubule/spindle body formation caused glutathione overexcretion (2-to 21-fold). These defects may lead to either increased leakage of glutathione or effects on its transport. Because glutathione is anionic at cellular pH its transport across cell membranes would be affected by membrane potential and/or the movement of other ions. Deletion of a number of proteins involved in the maintenance of membrane potential and ion transport (pmp3, ptk2, nhx1, vma2, pmr1) , across one or more cellular membranes, led to glutathione excretion. These included ones altered in transport of calcium and monovalent cations (H ϩ , K ϩ , Na ϩ ). Appropriate regulation of transcription is also essential for maintenance of glutathione homeostasis, and glutathione overexcretion followed the deletion of a number proteins involved with SAGA, ADA, RSC, or SWI/SNF complexes, which modulate transcription via interactions with RNA polymerase II or through chromatin remodeling (Sudarsanam and Winston, 2000; Fry and Peterson, 2001; Muchardt and Yaniv, 2001 ).
Analysis of the Redox State of Excreted Glutathione
For the parental strain and most mutants, glutathione was excreted predominantly in the reduced form with the ratio of GSH:GSSG generally in the range ϳ25-50:1 (stationary phase; see Supplementary Table 11) . For most strains, the redox state of extracellular glutathione was comparable with that of the intracellular fraction, indicating that glutathione was transported/leaked either directly across the plasma membrane or from the cytosol into a cellular compartment capable of communicating with the extracellular medium. There were some notable exceptions. Mutants affected in normal functioning of the mitochondrial electron transport chain constituted the largest group of strains that excreted a low ratio of GSH:GSSG (8:1), whereas the pmr1 mutant excreted the lowest ratio of GSH:GSSG (2:1). Hypergeometric distribution analysis (Tavazoie et al., 1999) of strains excreting the highest absolute levels of GSSG (top 100 of 276) confirmed that this population was enriched for strains defective in mitochondrial respiratory function (p Ͻ 10 -14 ). Interestingly, in all mutants tested elevated GSSG excretion was not associated with intracellular overaccumulation of GSSG (GSH:GSSG ϳ25-50:1). Presumably, in these mutants the GSSG was generated in a specific compartment, such as the ER, which is known to contain a low (ϳ3:1) ratio of GSH:GSSG (Hwang et al., 1992; Bass et al., 2004) , before excretion.
Kinetic Analysis of Intra-/Extracellular Glutathione Homeostasis during Growth
Representative mutants from the above-mentioned groups were selected for analysis of the changes in intra-and extracellular glutathione during the various stages of growth in batch culture. Glutathione excretion by the parental strain began as cells approached stationary phase (Figure 2) . Of the other mutants tested, all excreted glutathione in this phase, except for those in the RAS/PKA pathway (e.g., ira2; Figure  2 ) mutants, which did so during exponential fermentative growth. Importantly, all mutants began excreting glutathione when the intracellular level in the mutant exceeded the maximal concentration found in the parental strain (the maximum intracellular level in the mutants was about twofold that of the parental strain). In many mutant strains, this led to total synthesis of a considerable excess of glutathione (intra ϩ extracellular glutathione). One possible explanation of these data is that cells exert strict control over the cytoplasmic level of glutathione and that "excess" glutathione is excreted to maintain the internal concentration at an optimal level. Glutathione is distributed between the cytosol, the vacuole, and other compartments such as the endoplasmic reticulum (and possibly other compartments of the secretory pathway) and mitochondria; therefore, intracellular glutathione accumulation reflects elevated levels in at least one of these compartments. Importantly, in the vps27 mutant glutathione efflux did not cease when the intracellular level fell below that found in the parental strain (i.e., the maximal level, which was observed in stationary phase cells), and this led to substantial depletion of intracellular glutathione as cells entered stationary phase (Figure 2 ). In the ino1 and ure2 mutants depletion of glutathione in stationary phase was even more pronounced. Altered kinetics of glutathione homeostasis, particularly depletion of glutathione in stationary phase, indicated that plasma membrane permeability could be affected in some of the glutathione-overexcreting mutants.
Glutathione-overexcreting Mutants Exhibit Increased Propidium Iodide (PI) Staining
To determine whether a change in membrane permeability was associated with aberrant glutathione homeostasis, the proportion of PI-positive staining cells was quantified in stationary phase (Deere et al., 1998) . PI fluorescently stains nucleic acid; however, its diffusion into intact cells is low (Deere et al., 1998) . Incubation of glutathione-overexcreting mutants with PI therefore would indicate whether the membrane permeability and/or viability of these strains was affected, relative to parental cells. All glutathione-overexcreting mutants tested exhibited increased positive staining to propidium iodide in stationary phase (48 h), relative to the parental strain (ϳ10% positive-stained cells). These strains included the ino1 (94%; 14-fold GSH), vps36 (41%; 26-fold GSH), ure2 (66%; 24-fold GSH), doa1 (55%; 25-fold GSH), ubp6 (52%; 18-fold GSH), npr2 (80%; 6-fold), pde2 (78%; 22-fold GSH), ira2 (77%; 25-fold GSH), and mrpl11 (49%; 8-fold GSH) mutants. The level of glutathione excreted by each strain also is provided. These values are expressed in fold extracellular glutathione (GSH) relative to the parental strain.
Some glutathione efflux is therefore probably the result of increased membrane permeability or cell death. However, this can only account for a proportion of glutathione efflux because across the mutants, there was a lack of correlation between the extent of PI staining and the amount of extracellular glutathione. For some mutants (e.g., vps36, pmr1), there were relatively low levels of PI staining (Ͻ40%) but high levels of extracellular glutathione, although this was less common than the reverse situation of low glutathione and high PI staining. Moreover in Figure 2B it is clear that the vps27 mutant and other mutants tested all overaccumulated intracellular glutathione before its detection in the medium. For the pmr1 and mitochondrial mutants, there was a very different ratio of oxidized to reduced glutathione in the extracellular medium compared with the intracellular pools, for most of the other mutants the redox state of glutathione in the extracellular medium indicated that it is likely to have originated in the cytosol, and this may be consistent with the mutation affecting the permeability of the plasma membrane.
These aspects of increased permeability in many of the mutants show that the data obtained need to be interpreted with caution. However the data do provide useful information about glutathione homeostasis because intracellular overaccumulation of glutathione precedes its excretion or loss across the membrane, and it is not merely membrane leakage that leads to overaccumulation of glutathione in the medium. In fact, for many mutants the total amount of glutathione (intra-and extracellular) greatly exceeds that produced by the wild-type. In Figure 1 , it is also clear that for some mutants tested in more detail (ira2, pde2, doa1), there is no eventual intracellular depletion of glutathione that would be consistent with straight-forward loss of membrane integrity. However, for others (ure2, ino1, vps27) , there was depletion in late stationary phase.
Because onset of abnormal glutathione homeostasis occurred at a distinct point in the growth phase, this raised the possibility that a change in culture conditions (environmental stress or nutrient availability) was closely associated with overaccumulation. The following sections address the key environmental factors that were found to influence this homeostasis.
Glutathione Homeostasis Is Affected by the Relative Availability of Branched Chain Amino Acids (BCCAs)
In the media used in these experiments, the availability of leucine was a factor limiting growth of the strains that are leucine auxotrophs (apparent from the data in Figure 5 ). Because leucine supplementation can suppress synthesis of other BCAAs, isoleucine and valine also were added (Dickinson, 1999) . BCAA limitation was a key factor leading to overaccumulation of extracellular glutathione in a broad range of mutants; however, the magnitude of this response was strain-dependent. For example, glutathione homeostasis of the ure2 mutant was strongly influenced by the relative availability of BCAA in the growth media (Figure 4 ; for complete data set, see Supplementary Table 11 ) because addition of excess BCAAs decreased extracellular glutathione to the parental level in stationary phase. The mutants strongly influenced by BCAA availability included those affected in nitrogen metabolism (npr2, gdh1) and many of the class E vps mutants (Figure 4 ). For these mutants, growth in elevated BCAAs reduced accumulation of extracellular glutathione. In contrast, glutathione overexcretion by a number of mutants, including ino1, pep3, and ira2, was unaffected/ less affected by the relative availability of BCAAs (Figure 4) .
To understand the association between BCAA limitation, glutathione homeostasis, and altered plasma membrane permeability, a more detailed analysis was performed. The parental strain and the ure2 and vps27 mutants were grown in SD medium supplemented with 1 or 4 times BCAAs (see Materials and Methods for concentrations). Culture density, intra-and extracellular glutathione, and PI staining were determined from exponential to stationary phase (14 -60 h). The data in Figure 5B indicate that BCAA limitation led to a reduction in the growth of the parental strain and this was closely associated with onset of increased intracellular glutathione overaccumulation ( Figure 5A ). In the parental strain, BCAA limitation did not affect the degree of glutathione efflux ( Figure 5B ) nor the proportion of cells that stained with PI ( Figure 5C ). These trends differed with the ure2 and vps27 mutants ( Figure 5 , A-C), where BCAA-limitation (indicated by the reduction in growth rate) was closely associated with an increased proportion of PI-staining cells; a transient yet substantial overaccumulation of intracellular glutathione; and heightened glutathione efflux, which led to depletion of the intracellular pool ( Figure 5 , A-C). In both strains, these abnormal trends in glutathione homeostasis were abrogated by increased BCAA supplementation. The data indicate that the "BCAA-responsive" glutathione-overexcreting mutants are unable to respond appropriately to BCAA limitation, and this leads to increased permeability of the plasma membrane.
Because increased BCAA supplementation could not abolish the abnormal glutathione homeostasis of the vps27 mutant, and many other mutants (Figure 4) , this indicated that a change in another environmental parameter, another stress, may be more closely associated with these changes. Because mutants affected in maintenance of membrane potential or transport of H ϩ /K ϩ /Na ϩ (pmp3, ptk2, vma2, nhx1) overaccumulated extracellular glutathione, cation homeostasis also influences glutathione homeostasis. The role of these cations in the abnormal glutathione homeostasis exhibited by the mutants in this study was investigated.
Glutathione Efflux Is Strongly Influenced by Extracellular pH
During growth in abundant glucose, S. cerevisiae cells acidify the extracellular medium (Figure 2 ). This process facilitates secondary uptake of a broad range of metabolites and serves to maintain intracellular pH at an appropriate level (Serrano et al., 1986) . The critical importance of effective H ϩ extrusion is demonstrated by the essential nature of the plasma membrane Pma1p H ϩ -ATPase (Serrano et al., 1986) , which is very abundant (Chang and Fink, 1995; Ghaemmaghami et al., 2003) .
To study the role of H ϩ stress in glutathione efflux, the parental strain and glutathione-overexcreting mutants were grown in medium buffered to pH 3.5 or 6, and stationary phase extracellular glutathione was quantified. For most strains, glutathione overexcretion was prevented or substantially reduced after growth at pH 6, relative to pH 3.5 Table 11 ). Examples of mutants where glutathione efflux was less affected by extracellular pH include the ino1 and ino4 mutants. These data indicate that H ϩ influx/stress is a major "driving force" leading to intracellular glutathione overaccumulation, its efflux, and depletion. The association between H ϩ stress and glutathione homeostasis was studied in more detail in several mutants ( Figure 6, A and B) . Under these conditions, growth of cells in medium buffered to pH 6, relative to pH 3.5, led to reduced glutathione efflux (except for ino1 cells) and minimized depletion of the intracellular glutathione pool ( Figure  6A) . Indeed, at pH 6 the vps27 mutant overaccumulated intracellular glutathione in stationary phase. It also was noted that the stationary phase viability of the glutathioneoverexcreting mutants was lower than that of the parental strain, when cells were grown at pH 3.5 ( Figure 6B ). In this respect, the loss of cell viability (colony-forming units), membrane permeability (PI staining), and magnitude of intracellular glutathione depletion seemed to correlate ( Figure  6B) . Interestingly, at pH 3.5, extracellular glutathione, cell viability, and PI staining did not correlate to the same extent. Extracellular glutathione accumulated by the vps27 mutant was twofold that of the ure2 mutant, indicating that disruption of the late endosome to vacuolar protein sorting pathway led to higher quantities of extracellular glutathione relative to the other mutants tested, in a manner that could not be accounted for by greater loss of cell viability or permeability alone. These phenotypes were rescued by increasing external pH. H ϩ stress therefore provided the key stimulus leading to increased membrane permeability and altered glutathione homeostasis under these conditions. From Figure 2 , it is evident that low external pH, per se, had little effect on glutathione homeostasis in these mutants (ϳ15-23 h; except ira2); however, BCAA-limitation (ϳ25-45 h) exacerbated the deleterious effects of H ϩ stress. Leucine limitation of S. cerevisiae alters vacuolar morphology, causing cells to form a single large vacuole, whereas leucine repletion leads to accumulation of several fragmented vacuoles (Cakar et al., 2000) . It was therefore interesting to note that many mutants that excreted glutathione in a manner less dependent on availability of BCAAs were affected in processes associated with vacuolar function/ morphology, including pep3, vps33 (class C vps genes), and luv1 (Bryant and Stevens, 1998; Conboy and Cyert, 2000; Peterson and Emr, 2001) . Because H ϩ stress was associated with increased efflux and the vacuole is known to play an important role in pH regulation (Jones et al., 1997) , this indicated that some of these mutants may excrete glutathione in the absence of BCAA limitation due to a higher sensitivity to H ϩ stress or due to the presence of a general leaky phenotype (ino1, ino4). The former seems unlikely because viability of the pep3 mutant ("BCAA unresponsive") was not affected by low external pH to the same degree as the vps27 and ure2 mutants, which exhibited highly BCAAresponsive glutathione excretion. Although pep3 cells exhibit a pronounced vacuole fragmentation phenotype (Raymond et al., 1992) , and because the vacuole is a key glutathione storage organelle (Penninckx, 2002) , these cells still overaccumulated intracellular "whole cell" glutathione during growth in SD medium (our unpublished data). The BCAAunresponsive mutants might therefore excrete glutathione due to severe disruption of vacuolar function resulting in overaccumulation of cytosolic GSH, relative to the parental strain and the BCAA-responsive mutants. This raised questions on the impact of these mutations and of this potential overaccumulation of cytosolic glutathione on the cellular tolerance to reductive stress.
The Role of Glutathione Metabolism in the Cellular Tolerance to Reductive Stress
The reducing agent DTT has been used to subject S. cerevisiae cells to reductive stress (Cuozzo and Kaiser, 1999; Trotter and Grant, 2002) . Consequently, the tolerance of the glutathione-overexcreting mutants was determined by spotting stationary phase cells on medium containing DTT, and growth relative to the parental strain was determined after 2 and 3 d. Sixty-five of the 276 mutants exhibited reduced tolerance to DTT (see supplementary material). A strong correlation was noted between decreased capacity for utilization of GSH as a sole nitrogen source and hypersensitivity to DTT (33 of the 54 strains that could not use GSH as a sole nitrogen source also were sensitive to DTT). Of the 276 glutathione-overexcreting mutants only four (egd1, pmr1, ubp6, doa1 ) that could use GSH as a sole nitrogen source were found to be DTT hypersensitive. Surprisingly, many of Figure 6 . Effect of external pH on glutathione homeostasis, cell viability, and cell permeability in stationary phase. The parent (BY4743), vps27, ure2, pep3, and ino1 strains were inoculated (A 600 of 0.01) in SD medium buffered (25 mM piperazine-N,N-bis(3-propanesulfonic acid)/[2-(N-morpholino)ethane sulfonic acid]) to pH 3.5 or 6.0 and grown to stationary phase (48 h). Intracellular and extracellular glutathione (A) and cell viability (colony-forming units; %) and propidium iodide staining (%) (B) were quantified.
the BCAA-unresponsive mutants, including pep3, pep7, pep12, luv1, and fab1, exhibited the highest sensitivity to DTT with no detectable growth observed after 3 d. This observation is consistent with the hypothesis that vacuolar function is important for DTT tolerance. Vacuolar dysfunction may affect detoxication of DTT and/or lead to overaccumulation of cytosolic glutathione, thereby exacerbating the reductive stress caused by DTT.
These data indicate that the late endosomal pathway for trafficking from the endosome to the vacuole is critical for relief of reductive stress and that this is strongly correlated with the ability of the cell to use glutathione as a sole nitrogen source, which requires its degradation in the vacuole. The class E vps mutants displayed two different phenotypes in terms of DTT tolerance. Those affected in the initial steps of the pathway (Katzmann et al., 2002) identified as the Vps27 and ESCRT-I complex components (Vps23, 28, 37) were not sensitive to DTT, whereas those affected in ESCRT-II/III and Vps4 functions were very sensitive to DTT. This reflected the ability of the mutants to use GSH as a sole nitrogen source. Of the class E vps mutants, vps22 was the most sensitive to DTT. Given that this strain also excreted glutathione in a BCAA-unresponsive manner, this gene product may play a more direct role in vacuolar function. Although all class E components are required for sorting of monoubiquitinated cargo at the late endosome and the maturation of this organelle into multivesicular bodies, only the ESCRT-II/III complexes are required for vacuolar transport and/or degradation of glutathione and tolerance to reductive stress. Because glutathione degradation occurs in the vacuole it is not yet possible to discriminate whether relief of reductive stress depends on GSH transport to the vacuole or its degradation because mutations affecting the endosomal pathway also would affect the localization or activity of putative vacuolar membrane glutathione transporters.
DISCUSSION
The S. cerevisiae gene deletion library (Winzeler et al., 1999) has been used effectively to study a broad range of issues, including: the cellular response to Na ϩ (Warringer et al., 2003) , oxidative stress (Thorpe et al., 2004) , K1 killer toxin (Page et al., 2003) , bleomycin (Aouida et al., 2004) , amiodarone (Gupta et al., 2003) , UV radiation (Birrell et al., 2001) , general cell biology (Bonangelino et al., 2002; Dimmer et al., 2002; Seeley et al., 2002; Lagorce et al., 2003) , and modeling of degenerative processes Willingham et al., 2003) .
Here, we show that reduced glutathione produced endogenously by S. cerevisiae is cycled at a low rate between the cytoplasm and the extracellular medium. Screening of the yeast deletion library (Winzeler et al., 1999) identified a surprisingly large number of genes (276) and cellular processes required for maintaining appropriate glutathione homeostasis. These provide a detailed and novel insight into physiological processes affecting cellular glutathione homeostasis.
This research also provided an interesting perspective on a subset of mutants present in the deletion library that have implications for use of this excellent resource. Many of the glutathione-overexcreting mutants exhibited altered permeability of the plasma membrane to one or more molecules. Evidently, many of these mutants are affected in their ability to maintain H ϩ homeostasis, cope with H ϩ stress, or respond appropriately to amino acid limitation, and these factors were associated with abnormal glutathione homeostasis. Disturbances to H ϩ homeostasis could result from a change in the activity, abundance, and/or localization of key proteins involved in the maintenance of H ϩ homeostasis, including Pma1, a highly abundant plasma membrane H ϩ -ATPase (Chang and Fink, 1995; Ghaemmaghami et al., 2003) . Mutations affecting transcription, translation, cell proliferation, and secretory pathway function also could disrupt the cell's capacity to maintain ion homeostasis and/or influence its integrity.
Although these factors have important implications for glutathione homeostasis, particularly loss of glutathione from cells due to increased leakage, secretion, or excretion, these facts are also worth considering when using the mutant collection (Winzeler et al., 1999) to study cellular responses to toxic agents/stress. Care is needed to establish whether the reduced fitness of a mutant after exposure to a particular stress is due to the toxicity of the agent or in some manner associated with disruption of a cellular process that is already substantially affected (e.g., plasma membrane integrity or H ϩ /glutathione homeostasis). The proportion of viable cells and intracellular glutathione level during these tests must be considered, especially if strains are pregrown to stationary phase before assessing stress tolerance. Despite the above-mentioned caveat, careful consideration of the data has extended considerably knowledge of the cellular processes influencing glutathione homeostasis.
It was surprising that mutants affected in secretory pathway function, specifically in the late endosome-to-vacuole pathway, were the highest excretors of glutathione. It is unlikely that glutathione efflux is mediated via Golgi-toplasma membrane vesicular transport for several reasons. First, in actively growing wild-type cells glutathione efflux is low, under conditions in which a considerable quantity of material is delivered to the plasma membrane from the Golgi (Kaiser et al., 1997) , and this trafficking would not be expected to increase dramatically in the glutathione overexcreting mutants. Second, the soluble vacuolar hydrolase carboxypeptidase Y (CPY) is transported to the vacuolar lumen via the late endosome protein-sorting pathway (Kaiser et al., 1997) . Disruption of this process leads to elevated excretion of CPY, the extent of which depends on the gene affected (Raymond et al., 1992; Bonangelino et al., 2002) . Importantly, in the former screen (Raymond et al., 1992) class E vps mutants excreted low levels of CPY relative to other vps mutants, particularly the class B vps mutants, which excreted only low levels of glutathione. Additionally, a number of mutations not directly involved with secretory pathway protein sorting also lead to moderate-to-high CPY excretion (Bonangelino et al., 2002) , but do not cause glutathione overexcretion. These data are not consistent with the hypothesis that glutathione overexcretion by class E vps mutants arose from diversion of trans-Golgi vesicles en route to the late endosome, to the plasma membrane.
Of the mutants tested, the trend in increased membrane permeability closely followed the trend in intracellular glutathione overaccumulation; however, appearance of glutathione in the extracellular medium was delayed. Because intracellular glutathione overaccumulation preceded onset of efflux and intracellular depletion, these data are not consistent with complete loss of cell integrity and "simple" leakage of glutathione from the cell, in the early stages of stationary phase. If this were the case, then glutathione would not be expected to overaccumulate in the intracellular fraction before its detection in the extracellular medium unless altered membrane permeability was caused by intracellular glutathione overaccumulation (discussed below). The data indicate that increased accumulation of intracellu-lar glutathione occurred in concert with a gradual change in plasma membrane permeability. This overaccumulation is consistent with loss of glutathione from the cytosol to a subcellular compartment followed by its repletion in the cytosolic fraction through heightened biosynthesis. Repletion of intracellular glutathione under these conditions would have required some degree of metabolic activity, particularly during the period of intracellular glutathione overaccumulation, and this response occurred despite the onset of PI staining. Glutathione might normally traffic to the vacuole via the late endosome pathway, after transport of cytosolic glutathione across the limiting membrane of the late endosome. Disruption of late endosome to vacuole trafficking could then lead to excretion of glutathione via endosome to plasma membrane vesicular trafficking. This model would account for the glutathione concentration in the intracellular fraction before its efflux.
The two key characteristics of glutathione efflux were that extracellular glutathione accumulated predominantly in the reduced form via a mechanism strongly influenced by extracellular pH. Cellular H ϩ homeostasis is influenced by the flux of other cations across cellular membranes, particularly K ϩ and Na ϩ (Rodriguez-Navarro, 2000; Serrano and Rodriguez-Navarro, 2001; Yenush et al., 2002) . Altered K ϩ /Na ϩ homeostasis and/or membrane potential therefore also may affect glutathione compartmentalization and/or efflux. These observations are important because they indicate that movement/transport of glutathione, which constitutes a highly abundant anionic species at cytosolic pH, is affected by cellular ion homeostasis. Glutathione concentration in to these compartments, in an analogous manner to the chloride ion (Weisz, 2003) , could provide a counterbalancing charge to cation flux thereby influencing the kinetics of cation transport or vice versa. In this model, overaccumulation and depletion of intracellular glutathione are in principle part of the same phenomenon i.e., loss of glutathione from the cytosolic pool in to a compartment. Whether repletion or depletion of the cytosolic pool occurs depends on the capacity of the cell to replace glutathione via synthesis. This hypothesis is supported by the observation that glutathione and glutathione S-conjugate transport to the vacuole is affected by vacuolar membrane potential (Li et al., 1996; Mehdi et al., 2001) . In vps27 cells, the late endosome "adopts" some functions of the vacuole. These cells accumulate an acidic late endosome, which is juxtaposed to a vacuole with a pH neutral lumen (Jones et al., 1997) . This aspect of H ϩ homeostasis in class E vps mutants also could influence the kinetics of "anionic" glutathione transport into the endosomal system. Perhaps a glutathione transporter that is normally localized to the vacuolar membrane, or a cation transporter, accumulates on the late endosome membrane in class E (or other) vps mutants, facilitating hyperaccumulation of glutathione in the late endosome. Disruption of vps36 was previously shown to affect trafficking of a mutant form of Pma1 (Luo and Chang, 2000) . Although the H ϩ v-ATPase is known to overaccumulate on the late endosomes of class E vps mutants (Raymond et al., 1992) , and H ϩ flux through this pump may influence glutathione flux, deletion of genes encoding components of the v-ATPase also led to increased accumulation of extracellular glutathione. Overaccumulation of intracellular glutathione in vps27 cells at pH 6 indicates that the tripeptide may be concentrated in the endosomal system (or another cellular compartment) under these conditions; however, decreasing external pH may be required to stimulate endosome to plasma membrane vesicular transport, promoting glutathione efflux. Interestingly, in sea urchin eggs exocytosis leads to release of lumenal H ϩ in to the extracellular medium, and low external pH has an inhibitory effect on endocytosis (Smith et al., 2002) . At present, the effect of external pH on the kinetics of endosome to plasma membrane vesicular transport does not seem to have been studied.
Overaccumulation of extracellular glutathione also could be due to direct outward leakage across the plasma membrane, although intracellular glutathione would have occurred at a time when it was "lost" from the cell at heightened levels. In some mutants, intracellular glutathione overaccumulation could have contributed to the loss of membrane integrity, and the subsequent depletion of glutathione from cells. In support of this idea disruption of key negative modulators of the RAS/protein kinase A carbon signaling (pde2, ira2) and TOR signaling (ure2) pathways overaccumulated intracellular glutathione. Inappropriate regulation of plasma (or other) membrane transport also could promote glutathione oversynthesis. Glutathione is proposed to place a load on the ER disulphide bond-forming machinery, where selective transport of reduced glutathione in to the ER lumen (Banhegyi et al., 2003) is thought to prevent the genesis of hyperoxidizing conditions in this compartment (Cuozzo and Kaiser, 1999) . Interestingly, overexpression of GSH1 (encoding ␥-glutamylcysteine synthetase) in wild-type cells elevates intracellular glutathione but does not affect extracellular glutathione levels (our unpublished data). Disruption of certain cellular processes could lead to increased glutathione production as well as reduce the cells capacity to tolerate excess intracellular glutathione, leading to plasma membrane permeabilization.
BCAA limitation-associated membrane permeabilization could result from a reduced ability to regulate or maintain plasma membrane proteins, an inability to modulate cell proliferation in response to nutrient limitation, or heightened glutathione synthesis due to diversion of amino acid flux to glutathione biosynthesis. Synthesis of glutamate, a key molecule in nitrogen metabolism, is stimulated in response to leucine limitation (Dickinson, 1999) . Importantly, mutants affected in nitrogen metabolism, including ure2, encoding a key negative regulator of the TOR signaling pathway, exhibited the most responsive BCAA limitationassociated changes in glutathione homeostasis and membrane permeability, highlighting the association between nitrogen metabolism and glutathione homeostasis. Leucine limitation of wild-type yeast cells leads to a change in vacuolar morphology from several fragmented vacuoles (leucine replete cells) to a single large organellar structure (leucine starved cells; Cakar et al., 2000) . Because leucine limitation also leads to overaccumulation of intracellular glutathione, this change in vacuolar morphology may occur, in part, to facilitate increased storage/turnover of excess glutathione synthesis resulting from the cellular response to leucine limitation. The BCAA-unresponsive nature of glutathione excretion by the class C vps mutants, which exhibit a severe fragmented vacuole phenotype (Raymond et al., 1992) , could result from overaccumulation of cytosolic glutathione in the absence of BCAA limitation.
Exposure of yeast cells to DTT leads to ER stress and activation of an unfolded protein response (Kaufman, 1999) . Overaccumulation of intracellular glutathione is proposed to contribute to the DTT hypersensitivity of the yeast thioredoxins mutants (Trotter and Grant, 2002) . The data presented here indicate the role of the vacuole in DTT tolerance and intra/extracellular glutathione homeostasis. Although DTT detoxification could be affected in the vacuolar mutants disruption of vacuolar glutathione storage/degradation could exacerbate the deleterious effects of DTT. The differential responses of the class E vps mutants to DTT indicates that although these proteins all play an important role in sorting of cargo in to multivesicular bodies (Raymond et al., 1992) , they also affect other aspects of protein sorting in a distinct manner. In general, disruption of processes downstream of ESCRT-I function (Katzmann et al., 2002) led to defective growth on glutathione as a sole nitrogen source and hypersensitivity to DTT, the exception being the vps24 mutant. Using these distinct phenotypical differences the roles of Did2 and Vps60 in late endosome protein sorting, which are reported to contain ESCRT-III-like motifs (Katzmann et al., 2002) , also could be hypothesized. From this study, the did2 and vps60 mutants exhibited phenotypes similar to class E vps mutants affected in ESCRT-II/III and ESCRT-I complex processes, respectively. Of the class E vps genes only disruption of VPS24, 28, and 60 are reported to reduce the fitness of cells expressing ␣-synuclein (Willingham et al., 2003) . Although the relevance of this restricted group is unclear, these mutants belong to the subset of strains that exhibited normal DTT tolerance. A better understanding of the nature of the difference in DTT tolerance exhibited by the class E vps mutants may provide additional insight in to the effects of ␣-synuclein expression on yeast cell biology and of the role of this protein in Parkinson's disease.
Although regulation of glutathione biosynthesis has been studied extensively, there is little known of the way complex interconnected cellular networks influence intra-and intercellular glutathione homeostasis. This genome-wide approach has identified many genes not previously linked to the maintenance of glutathione homeostasis, which is affected by a range of cellular processes that influence its synthesis, degradation, and transport/leakage. This study provides insight in to how genetic and/or environmental factors influence glutathione homeostasis, and these findings may be relevant to our understanding of glutathione homeostasis in higher eukaryotes and how changes in certain cellular processes, including ion homeostasis, may contribute to glutathione depletion and cell degeneration. For example abnormal glutathione metabolism, altered calcium homeostasis, and endoplasmic reticulum, proteasomal, and mitochondrial dysfunction have all been associated with the pathology or Parkinson's disease and/or apoptosis (Schulz et al., 2000; McNaught and Olanow, 2003; Verkhratsky and Toescu, 2003; Tretter et al., 2004) . Here, we found that disruption of any one of these processes is sufficient to lead to pronounced changes in glutathione homeostasis.
